Nephron segment and calcium as determinants of anoxic cell death in renal cultures  by Wilson, Patricia D. & Schrier, Robert W.
Kidney International, Vol. 29 (1986), pp. 1/72—1/79
Nephron segment and calcium as determinants of anoxic cell
death in renal cultures
PATRICIA D. WILSON and ROBERT W. SCHRIER
Department of Medicine, University of Colorado Medical School, Denver, Colorado 80262 USA
Nephron segment and calcium as determinants of anoxic cell death in
renal cultures. Proximal tubules of the S1. S2 and S3 segments, medul-
lary thick ascending limbs of Henle's loop (MAL) and cortical collect-
ing tubules (CCT) were individually microdissected from rabbit kidneys
and cultured for seven days in hormonally defined media. Anoxia was
induced by incubation of cultures in normal medium for 45 mm at 25°C
in an atmosphere of nitrogen (N2), and cell death was measured by
nigrosine dye uptake. Immediately after anoxia. cell death was highest
in S3 and MAL segments > S2 > S1 = CCT. The combined effects of
anoxia and substrate (glucose, vitamins, amino acid) omission deter-
mined after incubation of cultures in phosphate buffered saline contain-
ing Ca2 and Mg2 (PBS) for 45 mm in N2 also showed differential
killing dependent on segment of origin: MAL> S3 > S2 CCT> S1. The
effects of in vitro "reflow" were tested by returning cells to their
normal oxygenated culture media at 37°C. After the 45 mm of anoxia
and four to six hr of reflow in normal calcium—containing media, all cells
from each segment were dead. Reflow in media lacking calcium for two
hr immediately after anoxia then followed by return to normal
calcium—containing media was associated with the survival of a signif-
icant percentage of cells for 48 hr: S (35.3 2.0%), S2 (30.0 2.0%),
S3 (46.2 3.0%), MAL (38.7 3.0%), CCT (28.2 2.0%). These
results indicate that cells from different nephron segments have dif-
ferent intrinsic susceptibilities to anoxia and that the catastrophic effect
on cell survival induced by "reflow", that is. return of oxygen and
substrates, can be significantly attenuated by removal of calcium from
the environment for the initial two hr after the insult.
Ischemia, one of the most common causes of acute renal
failure (ARF), may alter the integrity of the renal vasculature
and the renal tubular epithelium. In this regard, ischemic ARF
has been shown to be associated with impaired renal autoreg-
ulation [I] and diminished tubular reabsorptive capacity [21. A
differential in vivo susceptibility to ischemia also has been
demonstrated in various nephron segments. In particular, an
increased degree of ischemic damage has been observed in the
S3 portion of the proximal tubule as compared to the more
proximal S2 and S, portions [3]. It is not known, however,
whether these differences are due to the nature of the cortical
vascular supply to the S1 and S2 segments as compared to the
juxtamedullary vascular supply to the S3 segments, or to
differential intrinsic properties of the segments of proximal
tubule.
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Recent studies have also suggested that cellular calcium may
be important in both the vascular and tubular epithelial conse-
quences of renal ischemic injury 4]. Alternatively, it has been
suggested that the effects of calcium entry blockers to attenuate
ischemic ARF is primarily mediated by an effect on the renal
vasculature with secondary salutory consequences on the in-
tegrity of renal tubular epithelium [5].
In the present study, the effect on cell death of 45 mm of
anoxia with and without substrate deprivation was examined in
primary cell cultures derived from specific nephron segments.
The importance of extracellular fluid calcium during the
reoxygenation ("reflow") period on cell survival was also
examined. These in vitro studies therefore allowed the exami-
nation of differential susceptibility of nephron segments and the
importance of calcium in the renal cellular response to anoxic
injury in the absence of hemodynamic influences.
Methods
Culture of' individually ,nicrodissected nephron segments
The cell culture of individual nephron segments was under-
taken using modifications of previously described methods [6,
7]. Specifically, kidneys were aseptically excised from six to
eight week old New Zealand white rabbits and 1 mm slices
washed three times in "unsupplemented medium" containing
high concentrations of penicillin (600 .tU/mliter) and strepto-
mycin (600 jrg/mliter). Individual proximal convoluted tubules
(PCT) of the S1 and S2 segments, proximal straight tubules
(PST) or S3 segment, medullary thick ascending limbs of
Henle's loop (MAL), and cortical collecting tubules (CCT) were
obtained by microdissection with sharpened watchmakers for-
ceps at x 35 magnification and explanted onto collagen—coated
tissue culture plastic dishes (1.5 cm). Individual tubules were
incubated in 100 piiter "supplemented medium" for two hr to
facilitate attachment before feeding with 1.5 mliter medium.
Media
"Unsupplemented medium" consisted of RPMI 1640 con-
taining 20 amino acids, 11 vitamins and cofactors, 11 mM
glucose, 1 mivi Ca(N03)2, 5.4 mM KCI, 0.4 mrvi MgSO4, 103 mM
NaCI, 5.6 mM Na2HPO4 [81, 200 mg% sodium bicarbonate, 10
mM Hepes, 100 U/mliter penicillin, and 100 g/mliter
streptomycin. "Supplemented medium" consisted of unsup-
plemented medium with the addition of 5 tg/mliter human
transferrin and hormone supplements according to tubule type:
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Table 1. Adenylate cyclase activity expressed as fmole cAMP
produced per 30 mm per g protein
Basal PTH, 10 U/mliter AVP, 10 M
PCT 50 5 1249 337 45 7
PSI 157 10 605 117 163 14
MAL 122 14 108 25 209 31
CCT 37 4 34 5 395 61
Each value represents the mean of eight individual seven day primary
cultures SEM.
Table 2. Percent viability of proximal straight tubule (PST) cultures
after varying times of exposure to nitrogen in phosphate buffered
saline (PBS) at 250 and 37°
Temperature
N2 exposure in mm
0 15 30 45 60
250 100 95± 4 91± 3 83±2 72±4
370 100 66 8 39 10 10 5 0
Each value represents the mean SEM of eight individual seven day
primary cultures. Nigrosine dye exclusion.
for CCT dexamethasone (l08 M); for PCT and PST
dexamethasone and insulin (4 lU/muter); and for MAL dexa-
methasone, insulin and triiodothyronine (3 x 108 M). Fetal
calf serum (3%) was added to cell cultures for the first three to
four days of proliferation after which serum—free media were
used. After seven days, growth stopped as assessed by deter-
mination of cell numbers and 3H-thymidine labelled mitoses.
Details of differential growth characteristics and character-
ization by ultrastructural morphology, enzyme markers and
hormone responsiveness of the various nephron segments have
been described elsewhere (6, 7] and adenylate cyclase respon-
siveness to parathyroid hormone (PTH) and arginine vasopres-
sin (AVP) are summarized in Table 1.
In vitro anoxia model
Primary cultures (seven days) of PCT (S and S2), PST (S3),
CCT and MAL of known cell number were tested for 100%
viability by virtue of complete exclusion of nigrosine dye (50
mg/mliter of phosphate buffered saline, PBS). All PBS solutions
consisted of 100 mrvi NaC1, 2 m KC1, 28 mM Na2HPO4, 2 mM
KH2PO4, and had 1.7 mrs't CaC12 and 1.7 mM MgCl2 added
unless otherwise stated. After washing twice in PBS, cultures
were incubated in 1.5 mliter PBS, pH 7.4 (substrate depriva-
tion) or supplemented medium, pH 7.4 (substrate addition), in
dishes with lids removed in an air—tight chamber and exposed to
an atmosphere of continuously flowing nitrogen at room tem-
perature for 45 mm. No significant change in pH was noted at
the end of the anoxic period. This manipulation was carried out
at 25°C rather than 37°C to reduce the speed of deterioration
(Table 2) and increase the possibility of obtaining a model of
anoxic damage which might be reversible. Control cultures kept
in comparable oxygenated conditions in PBS or supplemented
medium showed no loss of viability at 25°C for 45 mm. Viability
was determined immediately after this anoxic insult by
nigrosine exclusion, lactate dehydrogenase (LDH) release, ade-
nylate cyclase activity and stimulation, and transmission elec-
tron microscopy as described below. Subsequently, cultures
were returned to the incubator at 37°C in tissue culture media
described below for up to 48 hr constituting the reflow
period." Viability was assessed in each culture at one, two,
three, four, 24, and 48 hr of reflow.
Group 1. After 45 mm of anoxia the cells were returned to
calcium—containing supplemented media (N 12).
Group 2. After 45 mm of anoxia the cells were returned to
non-calcium containing supplemented media (N = 12).
Group 3. After 45 mm of anoxia the cells were returned to
non-calcium containing supplemented media for two hr then
transferred to calcium—containing supplemented media (N =
12).
Control cultures incubated in calcium-containing supple-
mented media for 48 hr without a prior anoxic episode showed
no loss of viability. Control cultures incubated for two hr in
non-calcium-containing supplemented media followed by 46 hr
calcium—containing media without a prior anoxic episode
showed no significant loss of viable cells.
Control cultures incubated in non-calcium-containing supple-
mented media for five hr without a prior anoxic episode showed
less than 5% loss of viable cells, although all cells appeared
rounded. This was probably due to the strong adhesive proper-
ties of collagen.
Viability measurements
Viability was determined prior to study, immediately after
anoxic insult and after one, two, three, four, five, 24, and 48 hr
of reflow. Culture area, total cell number, and protein contents
[9] were also determined prior to and during experimentation.
For longitudinal studies, protein content was calculated from a
predetermined calibration curve derived for each cultured seg-
ment, based on a correlation with culture area and cell number.
Nigrosine dye exclusion
Nigrosine dye (150 piiter) (50 mg/mliter PBS) was added to
cultured cells in 1.5 mliter tissue culture media for PBS incu-
bation media for five mm and cultures washed three times for
two mm each in PBS. The total number of cells stained with
nigrosine was counted under an inverted microscope and then
1.5 mliter fresh medium added to the cells. During reflow in
tissue culture media lacking calcium (Groups 2 and 3), the
nigrosine added was dissolved in PBS lacking calcium.
Lactate dehydrogenase (LDH) measurement
LDH released into incubation media and total LDH in cells
totally disrupted by freezing and thawing was measured by
incubation in the presence of lactate and NAD and determina-
tion of NADH by absorbance at 340 nm [10].
Adenylate cyclase activity and response to hormones
Cell monolayers were washed twice for three mm at 4°C with
PBS, protein content determined [17], and samples permeabil-
ized by freezing and thawing in hypoosmotic solution (0.025 mt
EDTA, 1 mM MgCl2, 0.1% bovine serum albumin, 1 mM
Tris-HCI, pH 7.4). Adenylate cyclase was measured using a
modification of the method of Morel [11]. Cultured cells were
incubated for 30 mm at 37°C in 5 iliter medium containing 3.8
mM MgCl, 1 mri cAMP, 0.25 mrt EDTA, 20 mM creatine
phosphate, 1 mg/mliter creatinine phosphokinase, 0.25 mM
alpha-32P-ATP (4 x 106 cpm) and 100 mM Tris-HCI, pH 7.4.
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Fig. 1. Effects of anoxia on cultured nephron segments. Abbreviations
are: PCT, proximal convoluted tubule; PST, proximal straight tubule;
CCT, cortical collecting tubule; MAL, medullary thick ascending limb
of Henle's loop. Viability was measured as percentage cells which did
not stain black after incubation with nigrosine dye and was determined
immediately after 45 mm anoxic insult of nitrogen in PBS. Each value
represents the mean SEM of 12 separate cultures. Comparison was
made using the unpaired "t" test. Symbols are: * P < 0.01 compared to
S1; ** P < 0.005 compared to S1. S2 and CCT. Control values express
viability before ischemic insult.
Reaction was stopped with 150 iliter ice—cold 50 mri Tris-HCI,
pH 7.6, containing 3.3 mtt ATP, 5 mrt cAMP, and 10,000 cpm
3H-cAMP for recovery determination. Produced 32P-cAMP was
separated by two—step elution over Dowex-50 and alumina
columns [12]. Activity was measured in the presence and
absence of arginine vasopressin (10—6 M), parathyroid hormone
(10 U/mliter), and forskolin (25 SM).
Electron microscopy
Cultures grown on collagen—coated teflon (Petriperm dishes,
Hereaus, Hanau, West Germany) were washed twice with PBS
and fixed in situ for two hr in 2.5% glutaraldehyde in 100 mM
sodium cacodylate buffer containing 5% sucrose. After washing
overnight in cacodylate buffer, cultures were postfixed in 1%
osmium tetroxide, dehydrated in graded ethanols and embed-
ded in Araldite, using propylene oxide as transitional solvent.
Ultrathin sections were Cut in a perpendicular plane and viewed
in a Philips 300 electron microscope after staining with uranyl
acetate and lead citrate.
Results
After seven days in primary culture, cell number remained
stable (plateau phase) and parallel cultures exhibited normal
marker enzyme cytochemistry, polarized ultrastructural mor-
phology and appropriate hormone responsiveness of adenylate
cyclase [6, 7, 13, Table 11. Only cultures with 100% viable cells,
as assessed by nigrosine exclusion, were selected for the anoxia
studies; less than 5%ofcultures were discarded for this reason.
In Figure 1 are shown the effects on viability of exposing
cultures of PCT (S1 and S2), PST, CCT, and MAL to 45mm of
anoxia in PBS. Immediately after this insult some cells were
dead in each culture as assessed by nigrosine dye uptake. The
mean percentage cell death was 9.8 0.5 for S1, 13.6 0.5 for
S2, 16.9 0.7forPST, 10.3 0,6forCCT, and 20.6 1.4 for
MAL. The intrinsic susceptibility to anoxia was significantly
greater in the cell cultures from S3 and MAL as compared to S1,
S2 and CCT. The cell cultures from S2 were also more suscep-
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Fig. 2. The effects of 45 mm exposure to nitrogen were compared by
incubating cultured cells in media containing substrate or in PBS
lacking substrate. Viability was measured as percentage cells which did
not stain black after incubation with nigrosine dye and was determined
immediately after 45 mm anoxic insult of nitrogen in PBS. Symbols are:
Li anoxic with substrate; anoxic without substrate. Each value
represents the mean of 12 separate cultures. Comparisons were made
for values from each epithelial cell type, using unpaired "t" test. NS =
not significant.
Time, hours
Fig. 3. The effects of reflow were compared in normal calcium con tam-
ing media and in media lacking calcium. Viability was measured as
percentage cells which did not stain black after incubation with
nigrosine dye and was determined immediately after 45 mm anoxic
insult of nitrogen in PBS. Each value represents the mean of 12 separate
cultures. Comparisons were made for values from each epithelial cell
type, using unpaired "t" test. Symbols are: * P < 0.005; •—• reflow
with calcium; 0—0 reflow without calcium.
tible to anoxia than the S1 cell cultures. The statistical signifi-
cance between nephron segments is indicated in the legend of
Figure 1.
In Figure 2 is shown a comparison of the effects of 45 mm
anoxia in nitrogen at room temperature by incubating cells
either in the presence of tissue culture medium with vitamins,
amino acid, and glucose substrates or in PBS containing no
such substrates. The susceptibilities to cell death were not
significantly different in the presence or absence of these
substrates, thus suggesting that anoxia may be a more crucial
component of cell damage than substrate deprivation in this
system.
After a 45 mm anoxic insult by exposure to nitrogen in PBS,
cells were returned to normal calcium containing tissue culture
media at 37°C (Group I). After these "reflow" conditions for
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five hr, all cells were dead, regardless of nephron segment of
origin. When this "reflow" was carried out in media lacking
calcium (Group 2), there was some increase in cell survival after
one, two, and three hr but by five hr all cells had died (Fig. 3).
This increased survival by removal of calcium in the medium
was most marked after two hr of reflow in both the proximal and
distal tubules (Fig. 4). In proximal tubules (S1, S2 and S3) cell
viability was increased from 27 3% to 57 4% (P < 0.001)
and in distal tubules (MAL and CCT) from 22 5% to 43 3%
(P < 0.001).
Based on this maximal beneficial effect on post-anoxic cell
survival after two hr calcium depletion, in subsequent experi-
ments calcium was removed from the reflow media for the
initial two hr only, and then cultures were returned to normal
supplemented media (Group 3). Under these conditions, a
significant number of cells from each cultured nephron segment
survived at 48 hr: for PCT S1, 20 9%; S2 32 6%; PST, 43
2%; CCT, 36 4%; and MAL, 28 6% (Fig. 5). This is
compared to 100% cell death after only five hr of reflow in
calcium containing media. Essentially similar results were
obtained after an anoxic episode in supplemented medium.
LDH determinations showed that similar levels of activity
were released from freezing and thawing disrupted PST cells
(3.44 0.38 mU/mliter/103 cells) as from PST cells subjected to
45 mm nitrogen and five hr reflow in calcium—containing media
(3.25 0.41 mU/mliter/103 cells) at which time all cells stained
with nigrosine (Table 3) thus confirming that all cells were dead.
Due to the small numbers of cells in individual cultures (1 to 5
x l0) and the limit of sensitivity of the assay, no consistent
or reliable levels of release could be detected from viable
cultures.
Measurements of protein content and total cell number of
cultures subjected to anoxia and reflow (Table 4) showed that
no cell loss occurred until after four hr reflow. By contrast,
nigrosine staining was evident immediately after anoxic insult
and increased with the duration of reflow. Cultures analyzed by
continuous microscopy [141 confirmed that cells became
Cellular content 3.44 0.38
Release after 45 mm hypoxia and five hr reflow in
calcium—containing media 3.25 0.41
Time after
anoxia (hr) 0 1 2 3 4 24 48
nigrosine—stained with vital dye several hours before rounding
up and detaching from the monolayer.
Adenylate cyclase activity measurements pre- and post-
anoxia and with reflow for two hr in calcium—free and 46 hr in
calcium—containing media are shown in Figures 6A-C. By
comparison to untreated controls, basal adenylate cyclase
activity was slightly but not significantly increased immediately
after anoxia, was significantly decreased after two and four hr
reflow and returned to normal after 24 hr reflow (Fig. 6A).
In normal untreated PST cultures, PTH stimulated adenylate
cyclase fivefold. However, immediately after anoxia and at two
and four hr reflow, activity in the presence of PTH was
significantly depressed. By 24 hr of reflow, normal levels of
PTH-stimulated adenylate cyclase were seen (Fig. 6B).
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Fig. 4. Comparison of viability after two hr of reflow in media
containing calcium (LI) or lacking calcium (LI). Comparisons were
made for values from each epithelial cell type, using unpaired "t" test,
* P < 0.001.
Time, hours
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Fig. 5. The effects of post-anoxic reflow were compared in normal
calcium containing media (•—•) and in media with calcium tempo-
rarily (two hr) removed (0—0). Control values express viability before
anoxic insult. Comparisons were made at each time point using
unpaired "t" test. * P < 0.005.
Table 3. Lactate dehydrogenase (LDH) content and release from
anoxic PST cells
Activity is expressed as mU/mliter/103 cells. Each value represents
the mean of four cultures SEM. Nigrosine uptake of parallel cultures
100%.
Table 4. Protein content and cell number of PST cultures subjected to
45 mm N2 and reflow for two hr in calcium—free media followed by
46 hr in calcium-containing media
Total cell
protein 100 100 100 100 100 57 5 48 6
Total cell
number 100 100 100 100 100 59 6 45 8
Nigrosine
stained 16±132±243±250±354±361±656±4
All values are percentage of pre-treatment number. Each value
represents the mean of eight individual PST cultures SEM.
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In normal untreated PST cultures, forskolin stimulated ade-
nylate cyclase tenfold. This stimulation was significantly dimin-
ished immediately after anoxia and after two and four hr of
reflow but returned to normal at 24 hr (Fig. 6C).
Since adenylate cyclase activity measurements are expressed
per g protein content of the cultures and dead (nigrosine—stain-
able) cells begin to be lost after eight hr of reflow, these results
suggest that those cells which remain viable in the culture
contain normal adenylate cyclase activity capable of responding
normally to PTH and forskolin.
Electron microscopy
Ultrastructural studies showed that in each culture of PST
cells which had been subjected to 45 mm nitrogen, a variety of
morphologies were seen (Fig. 7). Some cells retained normal
characteristics of these cultured cells including microvilli, rudi-
mentary basolateral membrane infoldings, abundant mitochon-
dna and lysosomes, endoplasmic reticulum, dispersed nuclear
chromatin and electron dense cytosol (Fig. 7A). Some cells
showed minimal injury as characterized by condensation of the
nuclear chromatin, loss of microvilli and basolateral membrane
infoldings and occasional plasma membrane blebbing (Fig. 7B).
Other cells were more severely damaged showing extreme
swelling of mitochondria, dilatation of the endoplasmic retic-
ulum, thinning of the cytosol and breaks in the plasma mem-
brane (Fig. 7C). Other cells were completely disrupted, leaving
only ghosts" consisting of cytoskeletal elements (Fig. 7D). A
progressive increase in numbers of severely damaged morphol-
ogies was seen in successive stages of reflow. In cultures in
which all cells stained with nigrosine, no viable morphology
was seen (Fig. 8). After two hr reflow in calcium—free media
followed by 22 hr in calcium—containing media, normal cell
profiles were evident (Fig. 9).
U Control 0 2 4 24 48
Post-anoxic reflow, hours
Fig. 6. Adenylate cyclase activity in PST cultures
before and after 45 mm exposure to nitrogen and
reflow for 2 hr in calcium—free media followed by 46
hr in calcium—containing media. Each value repre-
sents the mean of six separate cultures SEM. A.
Basal adenylate cyclase activity. * P < 0.05. B. PTH
(10 U/mliter) stimulated adenylate cyclase activity.
C. Forskolin (25 M) stimulated adenylate cyclase
activity.
Discussion
There are several advantages offered by an in vitro culture
system for studying the cell mechanisms involved in anoxic
injury. Specifically, homogeneous populations of individual cell
types can be studied under strictly controlled conditions and the
extracellular environment manipulated in a defined manner.
Permanently growing cell lines, however, seem not to be
suitable for such studies because they appear to be extremely
resistant to anoxic damage. This may be due to extensive
glycolytic capacities which result from long—term in vitro mod-
ification. In contrast, the primary cultures used in the present
study seem more suitable for studying the effects of anoxia. Our
studies demonstrate that primary cultures of nephron epithelia
remained quite sensitive to anoxia since 45 mm of oxygen
deprivation caused cell death. The damage induced was irre-
versible, since after 5 hr of "reflow conditions" in the presence
of oxygen and normal substrates all cells were dead.
The present studies also indicate that the epithelia from
different segments of the nephron showed characteristic sensi-
tivities to anoxic cell death. The proximal tubule cells of the
proximal straight (S3) segment were killed more readily than
those of the proximal convoluted S2 and Si segments. In the
distal tubule, the MAL cells were more sensitive than those of
the collecting duct. These findings were in agreement with
results seen in vivo [3, 151. This suggests that, independent of
hemodynamic consequences, there is a greater intrinsic tubule
cellular predisposition to one component of ischemic damage in
S3 and MAL. While these results do not exclude an in vivo
inlfuence of hemodynamic factors in the nephron segment's
response to ischemia, they do incriminate factors intrinsic to
the tubular epithelium. It should be noted that, although the
initial degree of post-anoxic cell death was dependent on the
nephron segment of origin, this differential sensitivity was not
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Fig. 8. Ultrastructure of PST cell after 45 mm exposure to nitrogen and
five hr reflow in calcium—containing media. Only cellular debris can be
seen. x24,000.
Fig. 9. Ultrastructure of PST cell after 45 mm exposure to nitrogen and
reflow for two hr in calcium—free media followed by 46 hr in calcium—
containing media. Relatively normal features include dispersed chro-
matin, apical microvilli, abundant lysosomes, rough endoplasmic
reticulum and electron dense cytosol. x 8,000.
Fig. 7. The ultrastructure of cultured proximal straight tubule (PST)
cells after 45 mm exposure to nitrogen. A. Cell showing normal
morphology of cultured proximal straight tubule (PST) cells with
dispersed nuclear chromatin, microvilli, rudimentary basolateral infold-
ings, abundant mitochondria and lysosomes, some rough endoplasmic
reticulum and electron dense cytosol. x6,000. B. Minimally damaged
cell showing condensation of nuclear chromatin and a plasma mem-
brane bleb (1). Microvilli and basolateral membrane infoldings are
absent. x 6,000. C. A severely damaged cell with grossly enlarged
mitochondria, dilated endoplasmic reticulum, thinning of the cytosol
and breaks in the plasma membrane. x 21,000. D. Remnants of a cell.
Only cytoskeletal elements can be seen. x 56,000.
seen during reflow since all cultured cells proceeded to die at
the same rate. Also, the possibility cannot be excluded that
anoxic incubation in PBS, which contains unphysiological (30
mM) concentrations of phosphate, may have had additional
deleterious effects on cellular susceptibility.
A role for calcium in late stages of ischemic cell death has
been suggested ever since pathologists described the calcifica-
tion of necrotic tissues [16]. More recently the possibility has
been considered that alterations in calcium homeostasis may be
important early events which influence the progression of
ischemic anoxic damage [17, 181. Calcium is uniquely important
in the regulation of a large number of cellular functions and
intracellular cytosolic—free calcium levels are estimated to be
strictly maintained at low concentrations (10—8 to l0 M) in
spite of a steep concentration gradient favoring cellular uptake.
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This gradient is accomplished by low permeability of the plasma
membrane to calcium, active calcium extrusion by Ca2-
ATPase located on the basolateral cell membrane of renal
tubular cells, sodium—calcium exchange, calcium buffering (up-
take) by rnitochondria and endoplasmic reticulum and revers-
ible complexing of calcium with calcium binding proteins such
as calmodulin. Since calcium and calmodulin are important in
the modulation and regulation of many cellular reactions,
compromised homeostasis of the calcium—calmodulin complex
might be expected to influence and accelerate cell damage.
Some evidence exists to suggest that increased calcium levels
are detrimental to mitochondrial function [19] and the adminis-
tration of calcium entry blocking agents or calmodulin inhibi-
tors may protect against ischemic damage in the liver [20],
myocardium [21, 221 and kidney [4, 20—22]. However, whether
such agents have a direct protective effect on epithelial cells
remains controversial. Conflicting evidence also exists concern-
ing the possible detrimental effects of extracellular calcium on
toxic damage of hepatocytes [23—26].
In the present in vitro culture studies, any vascular effect of
calcium can be excluded, Nevertheless, the results clearly show
that the presence of calcium in the early stages of reflow (two
hr) after an anoxic insult has a deleterious effect on cell survival
of renal tubular cells of each nephron segment studied. The
restriction of calcium from the reflow medium for five hr did not
prevent eventual death of all cells. This may have been due not
only to the anoxic insult but also to the disruption of specialized
cell junctions, previously reported for epithelia cultured in the
absence of calcium [27]. Thus, studies were performed to
exclude any deleterious effect of long term calcium removal
which might have obscured a beneficial effect of short term (<
two hr) calcium—free media. The results of these studies dem-
onstrated that the restriction of calcium from the media for only
the initial two hr of the reflow period was associated with a
beneficial effect on cell survival which was maintained for a 48
hr period. In proximal tubule cells a mean of 37% cells survived
and in distal tubule cells 34% survived for 48 hr; in contrast,
zero percent of cells survived after five hr of reoxygenation in
calcium—containing media.
To confirm that nigrosine staining really reflected cell death in
this system rather than merely a permeabilized condition [28],
alternative criteria for judging cell viability were examined,
namely LDH release, transmission electron microscopy and
adenylate cyclase activity and capacity to respond to hor-
mones. Cultures with 100% staining with nigrosine, after anoxia
and five hr reflow in calcium—containing media, released 100%
of their LDH content into the medium and showed only broken
cell profiles and debris under transmission electron microscopy.
This confirmed that a nigrosine stained cell was a dead cell. To
exclude the possibility that some dead cells may still exclude
nigrosine [29], "viable" cultures subjected to post-anoxic
reflow in calcium—free media for two hr and calcium—containing
media for 46 hr were examined. Transmission electron micros-
copy showed many cultured cells with normal morphology and
basal adenylate cyclase activity and response to receptor (PTH)
and catalytic subunit (forskolin) stimulation were also normal.
This suggests that those cells excluding dye at the end of the
study were intact morphologically and capable of normal en-
zyme function and response to stimulators.
Another potential problem with using cultured cells for
anoxia and viability studies is that non-random cell loss from
the monolayer may influence results. However, although re-
moval of calcium is known to disrupt tight junctions between
epithelial cells [27] and indeed these cultured renal tubular cells
lost contact with each other and became rounded in
calcium—free media, very few were lost from the monolayer
during five hr of reflow, apparently due to strong adhesion to
the collagen substrate. Sequential microscopic observation, cell
counts and protein measurements showed that no post-anoxic
cell loss occurred until after eight hr of reflow; this was several
hours after staining with nigrosine occurred. By 48 hr of reflow
almost all nigrosine stained cells were lost.
In summary, studies of in vitro primary cell cultures demon-
strated a sensitivity to 45 mm of hypoxia which was not
influenced by the presence or absence of exogenous substrate
availability. The increased sensitivity of cells from the S3 and
MAL segments clearly excludes hemodynamic factors as the
exclusive determinant of the increased sensitivity to ischemia
which has been observed in these nephron segments in vivo.
Reoxygenation of these cell cultures of all nephron segments in
calcium-containing media resulted in irreversible death of 100%
of cells within five hr. Reoxygenation in media without calcium
significantly slowed the rate of cell death at two hr, however,
after five hr all cells were dead. However, if calcium depriva-
tion in the media was only restricted for the first two hr of
reflow, then cell viability was significantly greater in cells from
both proximal and distal nephron segments. These in vitro
findings are compatible with a pathogenic role of calcium in
renal cell death and tubular necrosis during the early periods of
reoxygenation, a time when calcium membrane blockers may
be most effective.
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